Reaction Systems, LLC (RSLLC) has pioneered a new approach to the reduction of complex, detailed hydrocarbon chemical kinetic mechanisms to a suite of reduced mechanisms having minimum species sets and various levels of fidelity up to the full detailed mechanism. Creating reduced mechanisms composed of only elementary reactions with positive integer species concentration exponents engenders better stability properties compared to classic global reaction rate expressions, where exponents less than one or even negative are common. In simple transient PSR computations the result was a speedup factor of 137 for the 23-species ethylene mechanism compared to the initial 111-species/781-reaction C 1 -C 4 full detailed hydrocarbon chemistry mechanism. The ability to quickly create multiple reduced mechanisms of varying speed and accuracy from a single combustion database lends itself well to a natural staged approach when implemented in a reacting flow CFD code, in which the smallest and least accurate skeletal mechanism is used first to start the calculation and approach an approximate solution, followed by progressively adding species and reactions in sequentially larger and more accurate reduced mechanisms to approach the accuracy of the original full detailed mechanism. Pratt & Whitney Rocketdyne is working to demonstrate this incremental approach in a reacting flow simulation of an ethylene-fueled ramjet combustor to converge a ramjet analysis in less than two weeks compared to previous efforts employing two-step global chemistry that required months to converge because of the unpredictable behavior of global models.
I. Introduction
CRAMJET engines operate under extreme internal conditions, with inlet air stagnation temperatures on the order of 5000 R (2800 K) and internal velocities in excess of 7000 ft/sec for flight at Mach 8. Only a few test facilities can duplicate these conditions, however, they cannot reproduce all of the run times, mass flow rates, inlet air composition, or desired stagnation temperatures and pressures simultaneously. Moreover, these specialized test facilities are very expensive to operate and maintain, and they produce test results at relatively low rates due to the difficulty of building sophisticated test hardware. The inability to fully explore the performance of a scramjet engine over its entire operational envelope before flight introduces much more risk into flight test programs. As a result, the design and development of scramjet engines relies on computational fluid dynamics (CFD) to predict engine performance more than ever before.
Future scramjet-powered vehicles are expected to employ hydrocarbon fuels because of the low volumetric efficiency and storability of cryogens like hydrogen and methane. Unfortunately the chemistry of hydrocarbon combustion is much more complex and slower than that of hydrogen, and can therefore require high precision in the chemistry mechanism to accurately predict overall performance. In addition, the computational time required to obtain a reacting flow solution generally has between a second-and third-order dependence on the number of species conservation equations being solved, driven by the cost of stable, semi-implicit solution methods that must be employed due to very short chemical time scales. The cost of these implicit methods in the NASA VULCAN code, for example, becomes dominant with respect to the overall flow solution above about 7 species. Without mechanism reduction, moving directly from a detailed hydrogen combustion mechanism such as that of Oldenborg 1 (seven species and 12 reactions), to a high-accuracy detailed hydrocarbon chemistry model, such as the iso-octane 1 Chief Engineer and AIAA Senior Member. 2 Fellow, Computational Fluid Dynamics, 6633 Canoga Ave. MS RIB-39, AIAA Senior Member S mechanism of Curran et al. 2 (860 species and 3600 reactions), can be expected to slow solution convergence by a factor of 400,000 or more, as indicated in Figure 1 . What would normally take VULCAN a day of computational time to converge with a seven-species hydrogen mechanism could thus require 1200 CPU years or more to converge with the full Curran detailed mechanism. Clearly this is not an acceptable answer if significant progress is to be made in the development of scramjet engines.
II. Identification of Hydrocarbon Combustion Reduced Mechanisms
Reaction Systems, LLC (RSLLC) has developed a new graduated approach to the implementation of complex hydrocarbon chemistry into reacting flow CFD codes consisting of a suite of reduced mechanisms moving from a minimum species count with good computational speed and stability, to consecutively larger mechanisms having greater fidelity to the original full detailed mechanism. This approach will be illustrated here using ethylene as the fuel. Ethylene is a simple and easy-to-handle, yet high-energy, hydrocarbon fuel that has been used extensively in scramjet engine ground tests to simulate the fuel properties expected from endothermically-cracked higher hydrocarbons such as JP-7.
The baseline detailed hydrocarbon chemistry mechanism selected for use in this project was Wang et al.'s USC Mech Version II 3 . This mechanism consisted of 111 species and 781 reactions and has been extensively validated against premixed laminar flame, shock tube ignition delay, shock tube transient species profiles, and flow reactor data for a wide variety of fuels including H 2 , CO, CH 4 , C 2 H 2 , C 2 H 4 , C 2 H 6 , C 3 H 4 , C 3 H 6 , C 3 H 8 , 1,3-C 4 H 6 , C 4 H 8 , and C 4 H 10 . This detailed mechanism is general but is much larger than is tractable in most reacting flow CFD codes, and would cause them to run very slowly if implemented directly. Many species and reactions included in this mechanism will not be important for any single particular fuel, such as ethylene, therefore we should be able to substantially reduce its size without losing much accuracy. The most severe reductions, however -while faster computationally -will necessarily also begin to reduce accuracy. The goal of this project was to identify several different reduced mechanisms of different sizes that could be used in sequence to quickly obtain an initial reacting flow CFD solution that could be then be polished by restarting the computation using the next larger (and more accurate) reduced mechanism.
The first step of our mechanism reduction process was to identify all relevant chemical compositions over the conditions of interest, as illustrated in Figure 2 . This was done using the detailed mechanism and both transient Perfectly Stirred Reactor (PSR) computations as well as premixed laminar flame simulations using the Sandia PREMIX code 4 .
Specific temperature, pressure, equivalence ratio, and residence time conditions for these runs were selected using a four-dimensional Hammersley quasi-random sequence to uniformly distribute the points over the parameter space. Typical database sizes have included 10,000 to 100,000 points or more.
Once the combustion database was complete over the conditions of interest, we next looked for species that account for the vast majority of the mass and energy in the system. These species were then ranked according to their maximum mass or mole fraction, allowing us to identify a minimum required species set. Species appearing above a relatively arbitrary cutoff of 0.5% were retained, as shown in Figure 3 . Originally, we attempted to use this minimum species set as the basis for Artificial Neural Network (ANN) species source term fits trained using the original species source terms obtained from the detailed mechanism. While we could achieve excellent fits over many decades of reaction rate, integrating these fits in time proved to be impossible, due partly to difficulties with atom balancing 5 . Many reactions in the original detailed mechanism can still be evaluated for both forward and backward rate using the minimum species set identified above. These reactions can be extracted and used together to produce a very crude skeletal mechanism consisting entirely of reversible elementary reactions. Unfortunately, the accuracy of this skeletal mechanism is generally poor, with 'stranding' of some species caused by an insufficient number of reaction intermediates. Of the 53 reactions involving ethylene in the USC Mech II model, all 53 involve a species not included in the retained species slate of Figure 3 Lowering the X max /Y max cutoff value far enough will capture some of these species, however we have found that augmenting the mass-based retained species list with a flux-based approach generally provides both smaller and more accurate reduced mechanisms. Combustion processes, by their very nature, are complex radical-mediated reactions. Many important radical species are very short-lived and may exist at very low concentrations. As a result, a purely mass-based criteria for species selection can completely miss these important species and reaction pathways while capturing irrelevant or inconsequential species that are less reactive. To avoid this we added a relatively simple species flux criteria to our automated retained species selection process. Figure 4 shows the result of ranking the species remaining after the massbased selection using a flux-based figure of merit. Important new species include the hydroperoxyl radical (HO 2 ), the vinylidene radical (H 2 CC), hydrogen peroxide (H 2 O 2 ), the vinyl radical (C 2 H 3 ), the formyl radical (HCO) and the npropyl radical (n-C 3 H 7 ). A total of 36 species out of the original 111 were therefore identified as being important to the lean combustion of ethylene in air down to the 1% relative flux level. Calculations were made for a transient isothermal, isobaric stirred reactor using both of these mechanisms and a simple semi-implicit integration algorithm, with the results seen in Figure 5 . The behavior of the two mechanisms is almost indistinguishable in terms of the profiles of the ethylene, water, and OH mass fractions versus time. In addition, a speedup factor of 20 was found for the 36-species reduced mechanism, agreeing with the computational time scaling N2  O2  CO2  H2O  CO  C2H4  O  OH  H2  H  AR  C2H2  CH2CO  HO2  H2CC  H2O2  C2H3  HCO  nC3H7  CH3  C2H5  CH2OCH  CH2CHO  CH3O  CH2O  C3H6  CH3CHO  CH3COC  HCCO  CH2*  C2H  CH4  CH2  CH  C3H8 behavior we found with VULCAN (shown in Figure 1 ). The combination of mass and flux-based approaches therefore lets us automatically and quickly identify a reduced mechanism that will reproduce the behavior of the detailed mechanism with a considerable increase in computational speed.
III. Reduced Mechanism Performance
Once an accurate reduced mechanism has been identified, species can be removed sequentially to obtain the smallest possible reduced mechanism corresponding to a preset accuracy requirement. Removing species with the smallest flux values over the database causes the least perturbation of the mechanism. As shown in Figure 6, of eleven species can be removed while still retaining the two-stage ignition character of the predictions made with the full detailed mechanism. This characteristic is lost with the removal of formaldehyde (CH 2 O) and we begin to see a divergence in the species exit mass fractions. The ignition delay lengthens with the removal of the methoxy radical (CH 3 O), and the ignition process and species exit mass fractions are grossly distorted with removal of vinyloxy radical (CH 2 CHO).
IV. Reacting Flow CFD Simulations
The unstructured-grid Pratt & Whitney Rocketdyne flow solver code, PWRflow, builds on the nondissipative shock-capturing methodology in the well-known, structured-grid USA code. PWRflow uses similar Riemann solvers with cell-based flux limiting and a second-order convective discretization scheme with a special treatment of the viscous fluxes to ensure accuracy. The unstructured gridding methodology employed in this code has enabled grids for complex problems with several million gridpoints to be completed in essentially a turnkey fashion. The point implicit methodology of PWRflow is highly parallelizable with minimal communication penalties over large numbers of nodes; to facilitate more rapid convergence, this point locality has been relaxed to allow for multigrid and chunk Gauss-Seidel relaxation options. More recently, PWRflow has been extended to analyze complex combustion problems through incorporation of implicit, preconditioned supercritical equations of state; global, quasiglobal, and pressure-dependent (Lindemann) kinetics for hydrocarbons (allowing for use of a hierarchy of hydrocarbon combustion modeling from 1-and 2-step global models to extended mechanistic models); preconditioning to extend the solver to extremely low Mach numbers; a number of 1-and 2-equation turbulence modeling options; Girimaji-like turbulence-chemistry interaction models to permit flameholding prediction, the Level set method for discrete multiphase injection; and dual time-stepping for unsteady flows which has been used effectively on both noncombusting and combusting problems. PWRflow has been validated with a range of engineering and fundamental problems. For example, comparisons of the experimental measurements for the NASP standard scramjet combustor test cases of Holden film cooling and University of Virginia swept ramp injection are far better than could be obtained during the NASP (National Aerospace Plane) program.
The first task undertaken was to use this new hydrocarbon chemistry methodology to reexamine a ramjet combustor burning ethylene that was tested by Pratt & Whitney Rocketdyne at the University of Florida. In the initial computations for this combustor, shown in Figure 7 , one of the hydrogen-fueled tests was simulated because of the lack of a simple and consistently robust hydrocarbon kinetics model. Even this hydrogen case required months of effort to obtain a converged solution. The ethylene simulation was started after receiving Reaction Systems' 23 species/84 reaction ethylene skeletal mechanism, reduced to 22 species/83 reactions by the exclusion of argon. Figure 8 shows a side view of the University of Florida experiment geometry. Approximately 1 million grid nodes were used in the solution domain. We found that the skeletal ethylene model was extremely stable and we were able to start the calculation with a CFL number of 20 with local time steps and a relaxation factor of 0.65. The CFL number had to be reduced and we had to switch to fixed time steps to get beyond the ignition transients, however. Exceptional progress on the simulation was made within a couple of days running on 20 processors and the code ran much more smoothly than it normally does with global hydrocarbon models. Figure 9 shows the positions of the ethylene plumes moving downstream from the injection sites early in the computation, while Figure 10 shows the mushroom plumes caused by breakup of the ethylene jets by the ramp vortex. Figure 11 and Figure 12 show the distributions of the CO and CO 2 mass fractions early in the computation, indicating that CO is formed before CO 2 , which is consistent with detailed hydrocarbon kinetics, but may not be captured by simpler global kinetics models. Figure 13 shows ignition near the ramp lip as indicated by the presence of ethyl radical, while Figure 14 shows the presence of propyl radical formed at the leading edge of the ethylene plume. Figure 15 and Figure 16 indicate heat release occurring in the ethylene plume wakes from the ramp injectors and base fueling injectors. Overall, the ethylene skeletal mechanism performs extremely well in these reacting flow CFD simulations and Reaction Systems' approach appears to hold great promise in improving the productivity of modern CFD solvers for reacting flow simulations.
V. Conclusions
Reaction Systems, LLC (RSLLC) has pioneered a new approach to the reduction of complex, detailed hydrocarbon chemical kinetic mechanisms to a suite of reduced mechanisms having minimum species sets and various levels of fidelity to the full detailed mechanism. Creating reduced mechanisms composed of only elementary reactions with positive integer species concentration exponents allows the use of larger time step sizes during the computation due to inherently better stability properties compared to classic global reaction rate expressions, where exponents less than one or even negative are common (with subsequent impact on the source term or flux Jacobian behavior for trace species). In simple transient PSR computations the result was a speedup factor of 282 for the 23-species ethylene mechanism compared to the initial 111-species/781 reaction C 1 -C 4 full detailed mechanism. The ability to quickly create multiple reduced mechanisms of varying speed and accuracy from a single combustion database lends itself to a natural staged approach when implemented in a reacting flow CFD code, in which the smallest and least accurate skeletal mechanism is used first to start the calculation and approach an approximate solution, followed by progressively adding species and reactions in sequentially larger and more accurate reduced mechanisms to approach the accuracy of the original full detailed mechanism. Pratt & Whitney Rocketdyne is working to demonstrate this incremental approach in a reacting flow simulation of an ethylene-fueled ramjet combustor previously tested at the University of Florida, thus achieving converged solutions in less than two weeks compared to previous efforts for similar problems employing two-step global chemistry that required months to converge.
